INTRODUCTION
AgNPs are widely utilized nanoparticles, and they are mainly used in antibacterial and personal care products. Despite the rapidly increasing applications of AgNPs worldwide, their effects on humans and the environment are still under debate. It has been reported that AgNPs can induce toxic effects in various cells and animal models. AgNPs inhibited the activities of mitochondrial respiratory chain complexes in the brain, skeletal muscle, heart, and liver of rats (Costa et al., 2010) . AgNPs had the most toxic effect in developing zebrafi sh embryos among silver, gold, and platinum nanoparticles (Asharani et al., 2011) . AgNPs suppressed cell proliferation and promoted apoptosis in keratinocytes, liver cells, lung cells, macrophages, and Jurkat T cells (Yen et al., 2009; Eom and Choi, 2010; Lee et al., 2011; Piao et al., 2011; Zanette et al., 2011; Lim et al., 2012) . Moreover, AgNPs induced DNA damage and increased the release of cytokines, including IL-6, IL-8, and VEGF in human mesenchymal stem cells (Hackenberg et al., 2011) . When mice were exposed to AgNPs by repeated oral administration, the level of various infl ammatory cytokines and IgE in serum and the B cell proportion in whole blood were increased (Park et al., 2010) .
However, AgNP application could suggest a new therapeutic possibility in several diseases. For example, AgNPs are Silver nanoparticles (AgNPs) are widely used nanoparticles and they are mainly used in antibacterial and personal care products. In this study, we evaluated the effect of AgNPs on cell death induction in the murine dendritic cell line DC2.4. DC2.4 cells exposed to AgNPs showed a marked decrease in cell viability and an induction of lactate dehydrogenase (LDH) leakage in a time-and dose-dependent manner. In addition, AgNPs promoted reactive oxygen species (ROS)-dependent apoptosis and AgNP-induced ROS triggered a decrease in mitochondrial membrane potential. The activation of the intracellular signal transduction pathway was also observed in cells cultured with AgNPs. Taken together, our data demonstrate that AgNPs are able to induce a cytotoxic effect in DCs through ROS generation. This study provides important information about the safety of AgNPs that may help in guiding the development of nanotechnology applications.
Abstract
able to promote neovascularization via the promotion of angiogenesis and VEGFR signaling . AgNPs have also been reported to trigger anti-tumor effects in Dalton's lymphoma ascites tumor models, mouse fi broblast cells, and human hepatoma cells (Kim et al., 2009; Nallathamby and Xu, 2010; Sriram et al., 2010) . Therefore, it is important to provide more extensive information regarding AgNP effects in living cells and organisms.
Dendritic cells (DCs) are the most potent antigen-presenting cells, and they reside in almost all tissues, including blood and lymphoid organs (Banchereau and Steinman, 1998; Banchereau et al., 2000; Blanco et al., 2008) . DCs function as a sentinel of the immune system and an initiator of innate and adaptive immune responses. Mature DCs that have recognized antigen in peripheral tissue migrate to secondary lymphoid tissues and present the antigen to naïve T cells. Consequently, T cell responses are initiated (Heath et al., 2004) . Activated dendritic cells are able to secret cytokines, such as IL-1, IL-12, TNF-α, and TGF-β. DCs also induce the activation of naïve T cells (Blanco et al., 2008) . Given that AgNPs have been widely investigated in areas of drug delivery and targeting (Elechiguerra et al., 2005; Boucher et al., 2008) , it is important to study the effect of AgNPs on dendritic cells which are able to orchestrate both innate and adaptive immune responses.
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Biomol Ther 20(4), 399-405 (2012) www.biomolther. NPs for 48 h. LDH levels in cell culture supernatants were determined using a LDH cytotoxicity detection kit (Takara Bio Inc., Shiga, Japan). The high control was prepared by treatment with 1% Triton X-100. LDH leakage was obtained through the following equation: LDH leakage (%) = (exp. sample -untreated control/high control -untreated control) ×100.
Measurement of ROS levels
DC2.4 cells were pre-treated with 10 mM NAC (N-acetyl-L-cysteine, Sigma-Aldrich, St. Louis, MO) for 30 min. Cells were then exposed to AgNPs for 30 min. Next, 10 μM DCFDA (2′-7′-dichlorofl uorescein diacetate, Sigma-Aldrich) was added to the cells for 15 min before analysis. The presence of the fl uorescence product DCF, an indicator of ROS, was analyzed using a FACSCanto TM II fl ow cytometer.
Analysis of cell death by annexin V and PI staining
DC2.4 cells were pre-treated with 10 mM NAC for 30 min. Cells were then cultured with AgNPs for 1 h. Subsequently, the cells were stained with annexin V (BD Biosciences) and PI (BD Biosciences). Cell death was analyzed by fl ow cytometry using a FACSCanto TM II fl ow cytometer.
Mitochondrial membrane potential assessment
DC2.4 cells were pre-treated with 10 mM NAC for 30 min. The cells were exposed to AgNPs for 1 h. After the cells were washed, they were treated with the fl uorescence probe 5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazolcarbocyanine iodide (JC-1; Biotium, Inc., Hayward, CA) at 37 o C for 15 min. Subsequently, the fl uorescence intensity was measured using a FACSCanto TM II fl ow cytometer, and the cells were imaged using an Olympus fl uorescence microscope (Model IX71 with fl uorescence system, Olympus Corp. Tokyo, Japan).
Western blot analysis
Cells were lysed in protein extraction solution (iNtRON Biotechnology). The proteins were separated on an SDS-polyacrylamide gel and blotted onto a PVDF membrane, which was then blocked by incubation with TBST (Tris-buffered saline and 0.05% Tween-20) containing 5% skim milk. Membranes were incubated with the appropriate antibodies. Antibodies against p44/42 MAPK, phospho-p44/42 MAPK, phospho-p38 MAPK, phospho-SAPK/JNK, SAPK/JNK, phospho-c-Jun, and IκBα were purchased from Cell Signaling Technology (Beverly, MA), and antibodies against p38 MAPK, p53, p21, MMP9 and α-actinin were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Statistical analysis
The data represent the mean ± SD of more than two samples, and all of the experiments were performed more than three times. Statistical analysis was performed using Student's t-test (SigmaPlot Version 10, Systat Software Inc., San Jose, CA).
RESULTS

AgNPs uptake in DC2.4 cells
First, we evaluated whether AgNPs have a cytotoxic effect in murine dendritic cells. AgNPs coated with PVP to stabilize the NPs against aggregation have been previously described A number of reports have indicated that various nanoparticles applied to DCs play a signifi cant role in the cytotoxicity, maturation, and function of DCs. Exposure to quantum dots (QD655-COOH) triggered the decreased expression of CD80/86 after LPS stimulation in DCs (Zhang et al., 2011) . However, zinc oxide and carbon black nanoparticles increased the expression of CD80/86 and zinc oxide nanoparticles induced the production of infl ammatory cytokines in DCs (Koike et al., 2008; Heng et al., 2011) . Silica nanoparticles and titanium dioxide nanoparticles induced an increase in reactive oxygen species (ROS) production in DCs (Winter et al., 2011) . In this paper, for the fi rst time, we evaluated the effect of AgNPs on DCs. DCs exposed to AgNPs (average size 2.3 nm) showed a decrease in cell viability and an induction of lactate dehydrogenase (LDH) leakage in a time-and dose-dependent manner. In addition, AgNPs promoted ROS-dependent apoptosis. AgNP-induced ROS triggered a decrease in mitochondrial membrane potential and an increase in the expression and activation of signaling proteins involved in intracellular signal transduction. In summary, our data demonstrate that AgNPs have a cytotoxic effect on DCs through ROS generation.
MATERIALS AND METHODS
Cell lines
The DC2.4 cell line, which was established as a murine dendritic cell line, was provided by Dr. K. Rock of Harvard Medical School (Shen et al., 1997) . Cells were cultured in RPMI 1640 (Gibco/Invitrogen, Carlsbad, CA) supplemented with 10% heat-inactivated FBS (Gibco/Invitrogen).
Preparation of AgNPs
PVP-capped AgNPs with an average size of 2.3 nm were synthesized in the laboratory of Prof. K. Lee (Department of Chemical Engineering, Yonsei University) by the polyol process, which was described in our previous report . To demonstrate DC uptake of AgNPs, DC2.4 cells were cultured with various concentrations of AgNPs for 12 h. Subsequenlty, the mean intensity of the side scatter channel (SSC) was determined using a FACSCanto™II fl ow cytometer (BD Biosciences, Bedford, MA).
Cell counting kit-8 (CCK-8) assay
A total of 1×10 4 DC2.4 cells were plated in 96-well plates and cultured in RPMI 1640 medium containing 10% FBS in the presence of various concentrations of AgNPs. After 24 h and 48 h of incubation, 10 μl of CCK-8 solution (Dojindo Laboratories, Kumamoto, Japan) was added to each well. After incubation for 3 h at 37 o C, the absorbance was determined using a VICTOR3 TM plate reader (PerkinElmer, Waltham, MA).
Trypan blue exclusion assay
A total of 1×10 5 DC2.4 cells were plated in RPMI 1640 medium containing 10% FBS in the presence of various concentrations of AgNPs. The cells were harvested after 24 h and 48 h, stained with 0.4% trypan blue and counted using a hematocytometer.
LDH leakage assay
DC2.4 cells were exposed to various concentrations of Ag-www.biomolther.org , and their average size was 2.3 nm. DC2.4 cells exposed to AgNPs showed a concentration-dependent increase in the mean intensity of the side scatter channel (SSC) in FACS analysis, suggesting the cellular uptake of nanoparticles (Fig. 1) .
AgNPs have cytotoxic activity in DC2.4 cells
Next, we assessed the cytotoxic effect of AgNPs in DC2.4 cells. After cells were exposed to AgNPs for 24 h or 48 h, the number of cells was counted using a trypan blue exclusion assay. Cell proliferation was markedly decreased after exposure to AgNPs in a time-and dose-dependent manner ( Fig. 2A) . With a CCK-8 assay measuring water-soluble formazan dye produced by the dehydrogenase activity of live cells, we confi rmed that cell viability was also suppressed after exposure to AgNPs in a time-and dose-dependent manner (Fig. 2B) . In addition, culture supernatants from DC2.4 cells exposed to AgNPs for 48 h were evaluated for LDH leakage, because lactate dehydrogenase (LDH) is released after cell membrane damage. LDH leakage after exposure to AgNPs in DC2.4 cells was dramatically elevated at concentrations greater than 0.5 μg/ml (Fig. 2C) . Thus, these results suggest that AgNPs can induce a cytotoxic effect in dendritic cells.
AgNPs promote reactive oxygen species (ROS) production in DC2.4 cells
Because ROS are general mediators of nanoparticle-induced cytotoxicity, we evaluated whether AgNPs generated intracellular ROS in DC2.4 cells. As shown in Fig. 3 , ROS levels were immediately increased in response to AgNPs, and AgNP-induced ROS were suppressed by pre-treatment with a synthetic antioxidant, N-acetyl-L-cysteine (NAC). Thus, these results indicate that AgNPs generate cellular oxidative stress, as revealed by elevated ROS production, in DC2.4 cells.
AgNPs promote ROS-induced apoptosis in DC2.4 cells
Next, we evaluated the effect of AgNPs on apoptosis in DC2.4 cells. After cells were exposed to various concentrations of AgNPs for 1 h, cell death was measured through double staining with propidium iodide (PI) and annexin V. DC2.4 cells showed an increase in cell death after being exposed to AgNPs in a concentration-dependent manner (Fig. 4) . However, the increased cell death after exposure to AgNPs was almost completely prevented by pre-treatment with NAC. Our data collectively show that AgNPs have a cytotoxic effect in DC2.4 cells and that this effect is triggered through ROS production.
Modulation of the mitochondrial membrane potential by AgNPs
Because mitochondrial permeability transition is an important aspect in the induction of apoptosis, the decrease in the mitochondrial membrane potential is a hallmark for apoptosis. Therefore, we investigated whether AgNPs affected the mitochondrial membrane potential in DCs. DC2.4 cells showed an increase in green fl uorescence intensity after exposure to AgNPs in a concentration-dependent manner (Fig. 5A) . Similarly, the percentage of depolarized cells was increased after exposure to AgNPs (Fig. 5B) . When examined by fl uorescence microscopy, the cells cultured without AgNPs showed intense red fl uorescence and less green fl uorescence. However, the o C, the absorbance was measured at 450 nm. (C) DC2.4 cells were exposed to various concentrations of AgNPs for 48 h. LDH in the cell culture supernatants was determined using an LDH cytotoxicity detection kit. The high control was prepared by treatment with 1% Triton X-100. LDH leakage was obtained through the following equation: LDH leakage (%) = (exp. sample -untreated control/high control -untreated control) X 100. The results represent the mean ± SD from triplicates. *p<0.05, **p<0.01. cells treated with AgNPs showed intense red and green fl uorescence, indicating depolarization of the mitochondrial fraction (Fig. 5C) . Moreover, pre-treatment with NAC prevented the loss of mitochondrial membrane potential induced by AgNPs (Fig. 5) . Thus, these results indicate that AgNPs induce the changes in mitochondrial membrane potential through ROS generation.
AgNPs activate ROS-mediated intracellular signals
ROS elicit intracellular signal transduction. To investigate whether AgNPs activated ROS-mediated intracellular signaling, western blot analysis for signaling mediators was performed in DC2.4 cells exposed to AgNPs. AgNPs led to the phosphorylation of ERK1/2 and SAPK/JNK and increased the expression of p53, p21, and MMP9 in DC2.4 cells in a concentration-dependent manner. In contrast, there was no signifi cant change in the phosphorylation level of p38 or c-Jun, or the degradation of IκBα (Fig. 6A and B) .
Next, we investigated whether the AgNP-induced activation of intracellular signaling in DC2.4 cells was promoted through the production of ROS. After the cells were pre-treated with NAC, they were exposed to AgNPs for 24 h. The activated levels of ERK1/2, SAPK/JNK, p53, p21, and MMP9 after exposure to AgNPs were inhibited by the pre-treatment with NAC, suggesting the involvement of ROS in intracellular signal transduction in DC2.4 cells (Fig. 6C and D) . Thus, these data suggest that AgNP treatment results in the activation of ROS-mediated intracellular signaling pathways.
DISCUSSION
Although AgNPs are widely utilized nanoparticles in antibacterial and personal care products, their effects in living cells and organisms are poorly understood. According to previous publications, AgNPs suppress cell proliferation and induce apoptosis in various cells, including keratinocytes, liver cells, lung cells, macrophages, and Jurkat T cells (Yen et al., 2009; Eom and Choi, 2010; Lee et al., 2011; Piao et al., 2011; Zanette et al., 2011) . Additionally, AgNPs have been widely investigated in areas of drug delivery and targeting (Elechiguerra et al., 2005; Boucher et al., 2008) . Because of their potential application for drug delivery, it is also important to study the effect of AgNPs on immune cells.
In the present study, we fi rst evaluated the effect of AgNPs on DCs which are the most potent antigen-presenting cells. Similar to our previous study , AgNPs (2.3 nm) were coated with PVP to prevent aggregation. AgNPs inhibited cell proliferation and viability and increased LDH leakage in a time-and concentration-dependent manner in DC2.4 cells (Fig. 2) . Furthermore, we confi rmed that AgNPs promot- www.biomolther.org ed apoptosis in DC2.4 cells (Fig. 4) . The main cause of AgNPinduced cell death was late apoptosis, and less than 5% of cell death induced by AgNPs was early apoptosis. There was no signifi cant effect of AgNPs on early apoptosis induction, whereas late apoptotic or necrotic cell death was clearly induced by AgNPs. Because PVP alone did not result in any toxicity in DC2.4 cells (data not shown), it was evident that the observed toxicity was triggered by AgNP alone. Recently, data of Lim et al. demonstrated that 5 nm PVP-coated AgNPs induced destruction or swelling of mitochondria or nuclei and double-layered membrane structures in U937 macrophage cell line, meaning a possibility of necrotic changes by AgNPs (Lim et al., 2012) . Therefore, although we showed changes in mitochondrial potential shortly after treatment with AgNPs, the possibility of AgNP affecting both apoptosis and necrosis should be considered.
ROS target mitochondria and cause apoptosis and DNA damage. Several nanoparticles have been reported as inducers of ROS in a variety of cells (AshaRani et al., 2009; Eom and Choi, 2009a; Eom and Choi, 2009b; Park and Park, 2009; Wang et al., 2009; Wu et al., 2010; Kang et al., 2011; Shukla et al., 2011) . However, the role of ROS generated by AgNPs was unclear in DCs. The exposure of DCs to AgNPs could result in the production of ROS, which could explain outcomes of metabolic and toxicological problems (Fig. 3) . In fact, AgNPs elicited ROS-dependent apoptosis (Fig. 4) and the inhibition of mitochondrial function (Fig. 5) . In the present study, the LDH leakage induced by AgNPs was examined when cells were treated with AgNPs for 48 h. ROS production and ROSinduced apoptosis were observed using cells treated with AgNPs for 30 min to 1 h. Although ROS was also produced from cells treated with AgNPs for 24 h and 48 h, we detected ROS level in early phase to determine ROS generation by AgNPs exactly. In addition, ROS-mediated intracellular signaling molecules, including ERK1/2, JNK, p53, p21, and MMP9, were activated in response to AgNPs, and their activation was inhibited by a pre-treatment with NAC (Fig. 6) . In a previous paper, it was reported that PVP-coated AgNPs induced the DNA damage marker p53 in larval tissue of Drosophila melanogaster (Ahamed et al., 2010) . AgNPs also activated JNK-dependent mechanisms involved in the mitochondrial pathway in NIH3T3 cells (Hsin et al., 2008) . We also confi rmed that the activation of intracellular signaling in response to AgNPs was induced through the production of ROS, which was blocked by NAC ( Fig. 6C and D) . It is worth speculating that AgNPs might interact with some components that are able to generate ROS. Thus, further study on the mechanisms of AgNPs leading to the generation of ROS is required.
The toxic effect of NPs is triggered by infl ammation resulting from oxidative stress (Carlson et al., 2008; Su et al., 2009 ). Alveolar macrophages have been shown to secrete TNF-α, MIP-2, and IL-1β after exposure to AgNPs (Carlson et al., 2008) . In the mouse macrophage cell line RAW264.7, AgNPs also promoted the induction of COX-2, TNF-α, and IL-6 (Nishanth et al., 2011) . Moreover, the level of IL-1, TNF-α, and IL-6 in serum was increased when mice were treated with AgNPs, and increased levels of Th2 cytokines were dominant DC2.4 cells were exposed to various concentrations of AgNPs for 24 h. Western blot analysis was performed using specifi c antibodies in equal amounts of whole lysates. (C, D) DC2.4 cells were pretreated with 10 mM NAC for 30 min. After cells were exposed to 1 μg/ml AgNPs for 24 h, western blot analysis was performed.
compared with Th1 cytokines (Park et al., 2010) . Results of Lim et al. showed that IL-8 production induced by AgNPs was inhibited in response to NAC in U937 cells (Lim et al., 2012) . However, in our study using DC2.4 cells, AgNPs exhibited no signifi cant effects on the expression and production of infl ammatory cytokines such as TNF-α or IL-1β (data not shown).
In conclusion, our fi ndings suggest that AgNPs have a cytotoxic effect through production of ROS in DCs. Moreover, this study provides important information about the safety of AgNPs that may help in guiding the development of nanotechnology applications.
